Plant regeneration through indirect organogenesis was obtained from pieces of in vitro shoots, produced on semi-solid and RITA \ systems, of Eucalyptus grandis and E. grandis Â E. urophylla clones. Pieces of in vitro shoots (with axillary buds removed) developed callus when cultured on MS salts and vitamins, 30 g l À 1 sucrose, 4 g l À 1 Gelrite, 5 mg l À 1 IAA and 0.25 mg l À 1 BAP. This callus, although produced in small amounts, formed shoots on the same medium. Rooting was achieved when regenerated shoots were cultured in the presence of 1/4 MS, 15 g l À 1 sucrose, 0.1 mg l À 1 biotin, 0.1 mg l À 1 calcium pantothenate, 0.5 mg l À 1 IBA and 4 g l À l Gelrite for 4 weeks. Subsequent acclimatization was achieved (> 90%) when the plantlets were allowed to grow individually in pots containing a mixture of perlite and coir soaked with 1/3 MS salts, and subjected to gradual reductions in humidity. The use of the temporary immersion RITA \ system as a source of in vitro shoots for initiation of callus cultures was not successful with one of the tested clones. This result was attributed to the large internodal size of the RITA \ -produced shoots of the clone.
Introduction
Conventional Eucalyptus tree breeding has a number of significant drawbacks, in particular the necessity to wait to half or full rotation age in order to identify desirable genotypes (Grattapaglia et al., 1996) and the reliance on the genes available in the species gene pool. As discussed for poplar (Confalonieri et al., 2003) , in vitro culture systems offer opportunities to produce Fnew_ Eucalyptus genotypes of interest for the forestry industry through the processes of mutagenesis, somaclonal variation and genetic engineering. The prospect of integrating these technologies with conventional programmes is perceived to be of great value to the forestry industry, particularly if they are employed as mechanisms of adding value to clonal programmes by the improvement of existing elite (improved) clones.
Intrinsic to the in vitro procedures for the production of new genotypes is the ability to regenerate plants from individual mutated or transformed cells (Hammatt, 1992; Cid et al., 1999; Sharma et al., 2002) , for which an indirect method of regeneration is needed. However, in contrast to the success of micropropagation using axillary bud proliferation, significant progress in Eucalyptus plant regeneration through indirect somatic embryogenesis or organogenesis has yet to be reported.
Despite much effort over the last two decades, high-yielding somatic embryogenesis protocols applicable to eucalypts are scarce and predominantly use seedling-derived explants (Muralidharan et al., 1989; Watt et al., 1991; Termignoni et al., 1996; Nugent et al., 2001; Pinto et al., 2004) . Many authors have discussed the limitations of this approach and the associated difficulties (e.g. Cheliak and Rogers, 1990; Ahuja, 1993; Muralidharan and Mascarenhas, 1995; Watt et al., 1995 Watt et al., , 2003 .
Possibly due to the interest in somatic embryogenesis, research directed at the development of indirect organogenesis protocols appears to have been neglected (review by Watt et al., 2003) . The few reports in the literature (e.g. Muralidharan and Mascarenhas, 1987; Warrag et al., 1991; Laine and David, 1994; Tibok et al., 1995; Azmi et al., 1997; Bandyopadhyay et al., 1999; Cid et al., 1999) are, again, on protocols that rely on cotyledons, hypocotyls and other seedling-derived material. This is undoubtedly a consequence of the recalcitrance of mature Eucalyptus explants to in vitro manipulations. The notable exceptions are the work by Laine and David (1994) on Eucalyptus grandis clones, and Mullins et al. (1997) on the transformation of mature seedlots of Eucalyptus camaldulensis. However, in both cases, final yields of regenerated plantlets were not presented.
The aim of the present study was to establish a strategy for plantlet regeneration via indirect organogenesis of improved commercially important clones of E. grandis and E. grandis Â E. urophylla. Based on our experience and that of others, regarding issues of microbial contamination and juvenility of Eucalyptus material, the adopted approach involved using in vitro shoots produced from the clonal parent plants as explants for callus initiation. Further, as this is a labour intensive and time-consuming process, the possibility of using a Temporary Immersion System (RITA \ ) to produce such explants was also investigated.
Materials and methods
2.1. Plant material and maintenance of parent plants E. grandis Â E. urophylla hybrid clones (GU1 and GU2) and pure E. grandis clones (G1 and G2) were used in the study. The source of axillary buds for in vitro shoot cultures were 5-month-old vegetatively propagated plants in seedling trays obtained from Trahar Technology Centre, Mondi Business Paper, Hilton (KwaZulu-Natal, South Africa). They were maintained in a mist tent (85 -94% humidity) in the greenhouse at the University of KwaZulu-Natal, Durban (29-52V S, 30-59V E; 25 -C day/18 -C night). Plants were sprayed with fungicides and fertilizers on a weekly basis. The fungicides used were mixtures of 2 g l À 1 mancozeb (Dithane; Efekto, South Africa) and 1 ml l À 1 chlorothalonil (Bravo; Shell, South Africa) applied as a foliar spray and a mixture of 1 g l À 1 prochloraz manganese chloride (Sporgon; Hoechst Schering AgrErvo, South Africa) and 1.25 ml l À 1 tebuconazole (Folicur; Bayer, South Africa) applied to the soil. The fertilizers used were 2.5 ml l À 1 trace element solution (18 Fe, 4 Cu, 2 Zn, 1 B and 0.4 Mo, all in g l À 1 ) (Trelmix; Hubers, South Africa) applied as a foliar spray and 1 g l À 1 Mondi Orange 1N:2P:1K (Harvest Chemicals, South Africa) applied as a soil spray, alternately once a week.
Establishment and multiplication of in vitro shoot cultures
Shoots (2 -2.5 cm long, 2 buds) from the parent plants were surface decontaminated for 2 min in 0.2 g l À 1 HgCl 2 followed by 2 min in 10 g l À 1 Ca(OCl) 2 with sterile water rinses between and after sterilants. They were then placed individually in culture tubes containing 2.5 ml of microbial M 523 screening medium, comprising (g l À 1 ) 10 sucrose, 8 casein hydrolysate, 4 yeast extract, 2 KH 2 PO 4 , 0.15 MgSO 4 .7H 2 O and 8 agar (Viss et al., 1991) . After 24 h, nodal shoots were transferred to 10 ml semi-solid multiplication medium. The medium comprised the MS salts and vitamins (Murashige and Skoog, 1962) Gelrite. The tubes with microbial medium were not discarded but maintained in the growth room for 5 days, after which the shoots corresponding to those tubes exhibiting microbial growth were discarded. Shoots were also multiplied using a RITA \ system (Récipient à Immersion Temporaire Automatique, CIRAD, France), on multiplication medium without Gelrite, 200 ml per vessel, 15 shoots per vessel, 30 s flush and 10 min rest. In vitro shoots from the semi-solid medium were subcultured onto fresh medium every 4-6 weeks and those from RITA \ every 2-3 weeks. In some studies, shoots were elongated on MS salts and vitamins, with (mg l À 1 ) 0.1 biotin, 0.1 calcium pantothenate, 0.35 NAA, 0.1 6-furfurylaminopurine (kinetin), 0.05 indole-3-butyric acid (IBA), 20 g l
sucrose and 4 g l À 1 Gelrite, for 4-6 weeks. All media were adjusted to pH 5.6-5.8, prior to autoclaving for 20 min at 120 -C and 121 kPa. All cultures were maintained in the growth room under a 16-h photoperiod at a photosynthetic photon flux density (PPFD) of 37 Amol m À 2 s À 1 (sideways lighting) provided by Biolux tubes (Osram L58W) and 23 -C day/21 -C night.
Callus induction and shoot initiation
Using the tip of a sterile blade, the apical and meristematic buds of the in vitro shoots (1.5 -4 cm) were removed and discarded. The remaining shoot material was fragmented into 2-3 mm pieces. The collective material of 5 shoots were placed on one 90 mm Petri dish containing 40 ml callus induction media (MS salts and vitamins, 30 g l À 1 sucrose and 4 g l À 1 Gelrite, and either IAA and BAP or NAA and kinetin). After preliminary studies, all callus induction media contained 5 mg l À 1 IAA and 0.25 mg l À 1 BAP. All cultures were incubated in the dark at 24 -26 -C. After 5 weeks, regenerated shoots (observed occasionally) were discarded (in case they had originated from buds that had not been removed or destroyed during fragmentation) and the callus was subcultured onto fresh medium for a further 5 weeks, when results were recorded.
Rooting
Three treatments were tested: 1) 1 week on MS salts and vitamins, 15 g l À 1 sucrose and 4 g l À 1 Gelrite, prior to rooting media (1/4 strength MS salts and vitamins, 15 g l À 1 sucrose, 0.1 mg l À 1 biotin, 0.1 mg l À 1 calcium pantothenate, 4 g l
Gelrite, 0 -1 mg l À 1 IBA); 2) multiplied on semi-solid multiplication medium for 4 -6 weeks and new shoots placed on rooting media; and 3) first multiplied as for 2), then placed on hormone-free medium as in 1), prior to rooting. Shoots were placed individually on 10 ml rooting medium in tubes and incubated in the dark for 72 h (24 -26 -C), after which they were transferred to a 16-h photoperiod at 66 Amol m À 2 s À 1 PPFD (both side and overhead lighting) and 27 -C day/21 -C night. The entire rooting period, including the 72 h dark incubation, lasted 4 weeks. The rooting conditions were based on Mokotedi et al. (2000) .
Acclimatization of regenerated plants
Plantlets were acclimatized in pots (55 mm diameter) containing autoclaved sand or a rooting mix (2 perlite/1 coir) soaked with 1/3 strength MS salts, and sealed individually in plastic bags (17 Â 14 cm). Plants were maintained in the growth room (16-h photoperiod at 66 Amol m À 2 s À 1 PPFD, 27 -C day/ 21 -C night). After 2 weeks, the humidity of the microclimate was reduced gradually by punching holes in the bags; by the fourth week the plastic bags were completely removed and acclimatized plants were transferred to the greenhouse.
Data analysis and photography
Means were determined from an average of three replicates with 20 -60 sample size. Data were analysed using a One Way Analysis of Variance (ANOVA) and means were contrasted using Scheffe's multiple range test (95% confidence interval). Alphabetical values were assigned to the mean values recorded per treatment; mean values that do not share the same letter are significantly different. Photographs were recorded with a Nikon FM2 camera fitted with a 60 mm Mikro macro lens.
Results

Callus induction and shoot regeneration
With the exception of the studies of Warrag et al. (1991) and Cid et al. (1999) , who employed NAA and Kinetin, and TDZ (respectively), all reported organogenic callus induction in Eucalyptus has been accomplished with a combination of NAA and BAP (Muralidharan and Mascarenhas, 1987; Laine and David, 1994; Tibok et al., 1995; Azmi et al., 1997; Mullins et al., 1997; Bandyopadhyay et al., 1999) . Initial studies (results not shown) found this combination of plant growth regulators to be ineffective in callus production (< 30%) and/or shoot regeneration (0-10% callus with shoots), and caused premature rooting. The best previously reported success was with the method of Bandyopadhyay et al. (1999) ; however, when that protocol was applied to two of the presently tested clones it resulted in very low shoot yields: 80% explants with callus, 3.4% callus with regenerated shoots and 0.6 shoots per explant for GU1 and, correspondingly, 90%, 4.9% and 6 for G1.
When other combinations of plant growth regulators were tested with GU1, media containing NAA again resulted in both very low callus yields (Table 1 ) and over 80% callus exhibited precocious rooting. Organogenic callus was, however, elicited in the presence of IAA and BAP (Table 1) , particularly when these plant growth regulators were supplied at concentrations greater than 5 mg l À 1 (Table 2) . As no significant difference was found amongst the three tested levels of IAA and BAP (Table 2) , all subsequent studies employed 5 mg IAA and 0.25 mg BAP per liter of callus medium. In all cases, callus was visible after 3 weeks in culture, and shooting was observed 2 weeks after subculture onto fresh medium (Fig. 1A) . The careful removal of the axillary buds from the shoot explants prior to callus induction, and of the rare premature shoots at subculture onto fresh callus induction medium, were precautionary measures undertaken to prevent shoot development from pre-existing buds.
In the same study, the type of explant used for callus induction was also investigated, viz. shoots, stems only and leaves only, all cut into small segments. As no significant difference was observed (results not shown, DF = 11, P 0.05) regarding % explant forming callus, pieces of in vitro shoots were deemed appropriate explants for callus induction thereby avoiding the labour involved in isolating separate leaf and stem pieces.
Source of explants and clonal responses
In our laboratories, in vitro shoot multiplication is routinely performed using protocols based on semi-solid media and on a temporary immersion RITA \ bioreactor system. As discussed later, the latter results in high shoot multiplication rates, making it a potentially useful system to produce in vitro shoot explants for indirect organogenesis. This was tested in combination with an investigation on the applicability of the culture medium developed for GU1 (Table 2 ) to other clones (Table 3 ). All explants produced callus. The semi-solid system was found to be appropriate for all clones, although there were genotypic differences. For GU2 and G2, shoots produced on RITA \ and semi-solid were found to be equally suitable explants, but shoot production for GU1 was significantly higher with explants from semi-solid cultures. The G1 clone was not subjected to the RITA \ approach due to low multiplication and high contamination losses.
Of all the clones, GU1 showed the highest and fastest shoot multiplication in the RITA \ system and such shoots were longer (greater internodal distance) than all the other explants used in that study. Hyperhydricity was not considered to be the cause of the poor response of the GU1 RITA \ shoots, as the shoots that exhibited such symptoms were handled as separate samples (4.1% explants with shoots and 4 shoots per dish, results not shown). The results were therefore attributed to the different morphology of the GU1 explants, primarily the characteristic long internodes exhibited by the shoots produced in RITA \ . As it was found to be extremely difficult to control internode size, the effect of this on callus production was tested by using semi-solid and RITA \ shoots with two different internode distances (Table 4) . Support for the proposal can be inferred from the results on Table 4 , which indicate that regardless of the culture system the morphogenic potential of GU1 shoot explants decreased with increased internode size.
In a further attempt to increase shoot regeneration, shoots obtained from the organogenic callus were multiplied via axillary bud proliferation on semi-solid and RITA \ systems and their progeny used for callus initiation (Table 5) . However, the use of such Fsecond generation_ shoots did not affect protocol yield.
Rooting and acclimatization
Initial studies on rooting of shoots obtained by indirect organogenesis were undertaken with GU1. Little success (21%) was achieved on medium containing 1/2 MS salts and vitamins, 15 g l À 1 sucrose and 4 g l À 1 Gelrite and the growth room conditions used for multiplication cultures. The rooting protocol established by Mokotedi et al. (2000) for E. grandis Â E. nitens (1/4 MS salts and vitamins, 15 g sucrose, 0.1 mg biotin, 0.1 mg calcium pantothenate, 4 g Gelrite, 0.1 mg IBA per liter of medium, with the initial 72 h in the dark), and found to be suitable for a variety of semi-tropical and cold tolerant clones (unpublished), raised the level to only 53% rooting. Consequently, a series of rooting pre-treatments and IBA levels in the medium were investigated (Table 6 ): in the first, shoots were placed on hormone-free medium for a week before rooting; in the second, they were multiplied on semi-solid medium, after which the resulting shoots were rooted; the third was a combination of the two; and the rooting medium contained 0 -1 mg l À 1 IBA. Shoots subjected to pre-treatment 3 (Table 6 ) produced a significantly higher percentage of rooted shoots than the other treatments. The percentage rooting was not significantly different at IBA concentrations higher than 0.5 mg l À 1 , although the use of 0.75 and 1 mg l À 1 IBA did result in undesirable large numbers (13 and 11, respectively) of adventitious roots (Fig. 1B) . For these reasons, pre-treatment 3, which involves a cycle of shoot multiplication followed by 1 week on medium devoid of plant growth regulators, before rooting on 0.5 mg l À 1 IBA is considered the best conditions for rooting. The positive response of the multiplied shoots has the further advantage of increasing the yield of plantlets obtained with the developed protocol. These studies were also undertaken with clones G1 and G2 (results not shown), producing the same conclusions regarding culture conditions (0.5 mg l À 1 IBA) and rooting success (92.5 and 90% rooting for G1 and G2, respectively). More than 90% of plantlets survived a simple acclimatization procedure, involving perlite and coir soaked with a nutrient solution, as the substrate, and gradual decrease of humidity (Table 7 , Fig. 1C) .
Discussion
A number of parameters are known to influence callus induction and shoot regeneration and, in our experience with Eucalyptus clones, the most important are the nature of the explant and the type, ratio and amount of plant growth regulators in the culture media. As used in this study, in vitro shoot cultures of clonal material provide the advantages of juvenility with that of well-defined and superior genotypes, overcoming the need to use mature plant material that is known to be recalcitrant to culture manipulations (Watt et al., 1991; Laine and David, 1994; Mullins et al., 1997) . The disadvantage of this approach is the laborious process of repetitive bulking of a large number of in vitro shoots to be used as explants. Conventionally, in vitro shoots are obtained through axillary bud multiplication on semi-solid medium. An alternative is via a bioreactor such as the temporary immersion RITA \ system, which has been shown to increase shoot multiplication rates considerably for a number of species (e.g. Alvard et al., 1993; Lorenzo et al., 1998; Escalona et al., 1999) . With some Eucalyptus pure lines and hybrid clones, the yield increase in RITA \ is four-to-six fold and in half the time of the semi-solid system (McAlister et al., 2005) , and hence a practical way of obtaining a constant supply of explants for callus studies. However, it has been suggested (e.g. Teisson and Alvard, 1995) that the high multiplication levels in RITA \ vessels may result in shoots or plants that are physiologically different from those multiplied more slowly in a semi-solid medium. In this study, this was found to be genotypic-dependent, with GU1 being the most affected of the tested clones by the culture conditions of the two systems, responding by rapid shoot elongation in RITA \ . This, in turn, appeared to be the reason for the decreased callus morphogenesis when such shoots were used as callus explants. Presumably, a smaller secondary meristem cambium and increased differentiation of the RITA \ -produced stems of GU1 resulted in a reduced ability for cell division.
In contrast to previous reports (Muralidharan and Mascarenhas, 1987; Warrag et al., 1991; Laine and David, 1994; Tibok et al., 1995; Azmi et al., 1997; Mullins et al., 1997; Bandyopadhyay et al., 1999; Cid et al., 1999) , BAP in combination with IAA, rather than with NAA was most suitable for organogenic callus induction of the Eucalyptus clones used in this study. This could be the result of genotypic and juvenility responses as most of the published protocols were developed for seedling material of temperate eucalypts, rather than semi-tropical clones such as GU1 and G1. In all cases, the yield of shoot regeneration was limited by the relatively small size of the callus. Efforts to increase callus proliferation through media manipulations (primarily plant growth regulators) and subculture were unsuccessful; callus cells appear to have a restricted number of cell divisions before differentiation is triggered. This has been observed on E. grandis embryogenic (Watt et al., 1991 (Watt et al., , 1995 and E. urophylla organogenic (Tibok et al., 1995) callus, and it seems to be one of the major limitations of the indirect pathways of plantlet regeneration in Eucalyptus.
In any micropropagation laboratory (but particularly in the commercial laboratory) the ideal situation is to have protocols with a broad general application, i.e. suitable for a variety of different clones. However, this is seldom experienced. The protocol developed in this study is applicable to both the E. grandis Â E. urophylla (GU1) and one of the pure E. grandis (G2) clones tested. It is estimated that this protocol yields 13 and 14 acclimatized plantlets per explant of GU1 and G2, respectively (taking into account the multiplication stage prior to rooting). In comparison, the projected 1.4 acclimatized plantlets per explant of G1 (also E. grandis pure species) indicates that it will be necessary to optimize the protocol for this and presumably further clones of interest. The developed rooting and acclimatization stages, on the other hand, were successful for all tested clones.
It is difficult to compare the results of the present study with those from the few reports in the literature, as they often lack some of the information required to calculate final yields. Values for the percentage callus with regenerated shoots include 18 -32% for E. nitens, 12 -37% for Eucalyptus globulus (Bandyopadhyay et al., 1999) and 0 -37.5% for E. urophylla (Tibok et al., 1995) . In the same studies, Bandyopadhyay et al. (1999) obtained 2-6 shoots per explant and the method of Tibok et al. (1995) resulted in 15-27.6 shoots per explant. Laine and David (1994) and Cid et al. (1999) reported only on the percent of callus with shoots. The developed protocol compares favourably with these reports and offers a strategy for indirect plant regeneration from improved (elite) genotypes. It is clear, however, that efforts must continue to increase final plantlet yields and to test a wide range of economically important clones. Towards this end, one of the present endeavours is to increase callus production. Current indications are that the age of the parent plants used to produce the in vitro shoot explants is significant, with preliminary data indicating that the percentage of explants forming callus and shoots per dish can be increased to 79% and 33%, respectively, by using 3-month-old plants rather than the 5-month-old plants presently tested. In addition, as with all indirect systems of plant regeneration, it is necessary to test the occurrence of somaclonal variation and hence the regenerated plant progenies regarding genetic fidelity.
